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I.  INTRODUCTION 

The  AFOSR  funded  UCLA  Plasma  Engineering  Laboratory  program  has 
continued  to  concentrate  on  the  physics  of  laser-plasma  Interactions 
and  high  beta  waves  and  Instabilities  relevant  to  the  magnetosphere. 
Specifically  the  current  areas  of  research  Include: 

1.  The  study  of  the  physics  associated  with  the  use  of  high 
power  lasers  to  heat  both  critical  density  plasmas  (pellets  and 

•  dense  plasma  focus)  and  underdense  plasmas  (long  solenoid).  In  these 

studies  the  wavelenths  are  scaled  from  the  1-10  ym  region  to  -  1-10  cm 

so  that  large  diameter  (l-3m)  well-diagnosed  laboratory  plasmas  may  be 

employed.  In  addition,  by  operating  In  the  1-10  cm  wavelength  region, 

advantage  can  be  taken  of  the  readily  available  military  radar  sets. 

2 

The  typical  power  levels  of  0.1-10  MW  result  in  E^/8nKT^  i 

2.  Continued  effort  on  the  development  of  the  lanthanum  hexa- 
borhide  hollow  cathode  source  as  a  means  of  producing  large  diameter, 
finite-beta  plasma  device. 

3.  Development  of  new  plasma  diagnostic  systems  such  as  the 

( 

boxcar  data  processor  described  In  Sec.  IID. 
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Our  progress  over  the  past  year  is  covered  In  Sec.  11.  The 
program  on  microwave  experimental  simulations  of  laser-plasma  Inter¬ 
actions  Is  covered  in  Sec.  IIA.  Our  work  on  stimulated  Brillouin- 
scattering  discussed  in  Sec.  IIA  has  resulted  in  the  first  identifi¬ 
cation  of  the  existence  of  this  phenomenon  in  a  laboratory  plasma. 

This  work  has  been  submitted  for  publication  in  Physical  Review 
Letters.  Spontaneous  magnetic  field  generation  due  to  resonance  ab¬ 
sorption  continued  to  be  the  subject  of  an  intensive  study  as  also 
described  in  Sec.  IIA.  Preliminary  results  were  published  In 
Physical  Review  Letters.  To  extend  our  microwave-plasma  interaction 
Investigations  to  higher  intensity,  two  S-band  radar  transmitters 
were  located  on  government  excess  property  lists  (see  Sec.  IIB).  Both 
of  them  are  now  operational  with  the  lower  power  (P  -  160  kV)  MORT 
transmitter  used  in  the  magnetic  field  generation  experiments  and  the 
higher  power  (P  =  2  MW)  AWACS  unit  employed  for  SBS  studies. 

There  has  also  been  considerable  work  done  on  the  so-called 
soliton  flash  (see  Sec.  IIA)  and  associated  phenomena.  Here  the  elec¬ 
tric  field  produced  by  an  obliquely  incident  electromagnetic  wave 
grows  to  large  amplitude  near  the  critical  layer  and  suddenly  decreases 

at  b>  .  T  -  20.  We  have  verified  the  theoretical  predictions  concerning 
P* 

the  flash  electric  field  and  have  demonstrated  the  dependence  of  hot 
electron  production,  quasi-static  magnetic  field  generation  and  ion  wave 
inatabllities  on  the  flash.  This  work  has  been  submitted,  to  Physical 


Review  Letters. 


Mich  of  the  auccess  of  our  program  can  be  credited  to  the  devel¬ 


opment  of  apecialized  diagnostic  equipment  which  permita  the  detailed 

.  I 

meaaurement  of  plasma  parameters  In  our  microwave  experiments.  A 
survey  of  the  diagnostic  development  work  carried  out  during  the  past 
year  la  contained  In  Sec.  IID. 

A  list  of  publications,  presentations  and  reports  completed  dur¬ 
ing  the  past  year  are  given  In  Sec.  III.  The  major  research  personnel 
are  listed  In  Sec.  IV.  It  should  be  noted  that  our  program  was  greatly 
aided  by  such  visitors  as  Professor  Kawaguchi  and  Mr.  Goebel  who  had 
their  own  financial  support. 

II.  PROGRESS  (October  1,  1978  -  September  30,  1979) 

A.  Microwave  Experimental  Simulations  of  laser  Plasma  Interactions 
There  Is  currently  considerable  interest  In  laser  plasma  Inter¬ 
actions.  Much  of  this  interest  Is  due  to  the  potential  applications  of 
CO2  laser  heated  dense  plasma  focus  plasmas,  CO2  laser  heated  long  sole¬ 
noids  and  CO2  laser  pellet  Implosions  for  X-ray  sources.  Unfortunately, 
due  to  the  difficulty  in  making  plasma  measurements,  a  detailed  under¬ 
standing  of  the  laser  energy  absorption  mechanisms  has  not  yet  emerged. 

Our  approach  to  understanding  these  Interactions  is  to  scale  the  phe¬ 
nomena  so  that  microwave  sources  and  well  diagnosed  low  density  labora¬ 
tory  plasmaa  may  be  employed.  During  the  past  year  we  have  been  pri¬ 
marily  concerned  with  the  study  of  stimulated  Brillouln  scattering  in 
the  underdense  plasma  regions  (n  -  0.1  n^^)  and  with  the  study  of 

i 


spontaneous  nagnetlc  field  generation  due  to  resonance  absorption  in 
addition  to  the  sollton  flash. 

t 

1.  Stimulated  Brlllouln  Scattering 

In  laser  plasma  Interactions  such  as  CO2  laser  heating  of  dense 
plasma  focus  plasmas,  CO2  heating  of  long  solenoids  and  CO2  nnd 
Nd -laser-pellet  interactions  it  is  Important  to  understand  the  absorp¬ 
tion  of  laser  light.  Stimulated  Brlllouln  scattering  (SBS)^“^  is  one 
of  the  major  obstacles  for  effective  absorption  of  the  incident  laser 
light.  Recently,  In  experiments  aimed  at  a  more  close  approximation 
of  actual  pellet  Implosions,  SBS  has  been  investigated  by  using  a 
shaped  pulse^  which  has  a  prepulse  forming  a  long  scale  length  low 

6 

density  plasma  and  also  with  a  long  pulse  width  and  large  focal  spot 
laser.  Measurements  showed  greatly  enhanced  direct  backscatter,  which 
exhibits  the  properties  of  SBS,  and  which  appeared  to  originate  in  an 
xjnderdense  region  of  the  plasiaa  (n^  <0.1  • 

During  the  past  year  we  have  made  the  first  experimental  observa¬ 
tion  of  SBS  In  a  microwave  Interaction  with  a  laboratory  unmagnetized 
plasma.  Using  such  a  well-controlled  plasma  device  the  threshold 
power,  growth  rate  and  saturation  of  the  Instability  are  easily  made. 

A  paper  describing  these  results  has  been  submitted  to  Physical  Review 
I.etters,  a  copy  of  which  is  Included  in  Appendix  I.  We  will  therefore 
only  briefly  sunmarlze  the  results  in  this  section. 

The  experiments  are  performed  in  a  large  unmagnetlz^  plasma 
(75  cm  diameter,  200  cm  length)  shown  In  Pig.  1.  Microwave  radiation 
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(X^  -  1.5-10  cm,  P  <  1  MV)  is  launched  along  the  axis  using  a  grldded 
horn.  The  backscattered  microwave  radiation  Is  monitored  so  that  both 
the  reflectivity  and  frequency  shift  are  known.  Likewise,  the  Ion  wave 
frequency,  wavelength  and  amplitude  are  also  monitored.  Our  Initial 
experiments  were  concerned  with  demonstrating  conclusively  that  SBS 
could  be  observed  In  a  microwave  simulation  experiment.  Therefore,  we 
operated  at  n  ==  0.1  n^^  to  prevent  other  processes  from  obscuring  the 
SBS  phenomena.  We  were  extremely  successful  and  specifically  demon¬ 
strated  the  following: 

(a)  Energy  and  Momentum  Selection  Rules  were  Satisfied. 

(b)  Quantitative  Agreement  with  the  Finite  Interaction-Length 
Convective  Threshold. 

(c)  Saturation  (n/n  =41,  r  =  131). 

o 

The  saturation  appeared  to  be  due  to  Ion  wave  trapping.  Typical  den¬ 
sity  fluctuation  and  reflected  power  data  are  shown  in  Figs.  2,  3  and  4. 

More  recently,  we  have  initiated  experiments  on  finite  bandwidth 
control  of  SBS  using  the  AWACS  S-band  radar  described  in  Sec.  IIB. 

2.  Spontaneous  Magnetic  Field  Generation. 

Our  mailer  plasma  device  (60  cm  diameter,  80  cm  long)  shown  in 

Fig.  5  is  employed  exclusively  for  the  study  of  phenomena  which  occur 

In  the  vicinity  of  the  critical  layer.  During  the  past  year  we  have 

particularly  concentrated  on  determining  the  mechanism  responsible  for 

limiting  the  quasi-static  magnetic  fields  produced  by  resonance  absorp- 

2  —4 

tlon  at  low  pump  Intensities  (v^/v,.^  <  0.04,  T)  ■  E  /BtinkT.  <  6.5  x  10  ). 

^  ^  O  C€  '  O  c 
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The  quasl-statlc  magnetic  fields  generated  by  the  Interaction  of 
microwave  radiation  with  our  Inhomogeneous  plasma  are  studied  using 
shielded,  movable  pick-up  loops.  For  the  geometry  shown  in  Fig.  5, 
one  expects  that  the  component  of  the  magnetic  field  should  domin¬ 
ate  If  resonance  absorption  Is  the  principal  field  generation  mechan¬ 
ism.  This  is  indeed  observed  with  B  >  B„  and  B„  >  B  .  In  addition, 

y  X  y  z 

a  current  sheet  of  thickness  5  cm  Is  observed  to  flow  along  the 

Incident  electric  field  direction.  The  Initial  growth  rate  of  the 

magnetic  field  has  been  measured  and  found  to  be  constant  In  time 

(l.e..  By  «  t)  for  power  levels  below  approximately  50  W,  as  expected 

for  resonance  absorption.  In  addition,  the  absolute  value  of  the 

-/■ 

measured  growth  rate  (3  x  10  G/ys  at  80  W)  Is  in  good  agreement 
with  that  predicted  by  Spezlale  and  Catto  (1  x  10  G/ys)  for  reson¬ 
ance  absorption  generated  magnetic  fields.  The  magnetic  probe  was 
located  approximately  10  cm  from  the  critical  layer  for  these  measure¬ 
ments  In  the  overdense  plasma  region.  The  magnetic  field  growth-rate 
was  also  studied  as  a  function  of  incident  power  for  power  levels  up 
to  1  kW.  As  shown  in  Fig.  6  the  growth  rate  scales  linearly  with 
Input  power  up  to  50  W  and  then  exhibits  a  transition  to  a  more  nearly 
p^^^  dependence.  We  note  that  the  former  dependence  is  rigorously 
maintained  while  the  latter  sometimes  becomes  as  rapid  as  p^*^^  or 
even  nearly  p  .  The  p  dependence  we  note  Is  the  predicted  variation 
for  resonance  absorption.  The  saturated  value  of  B^  was  jslso  measured 


(see  Fig.  7)  as  a  function  of  Incident  nicrowave  power  and  was  found 

to  exhibit  an  identical  power  law  dependence  to  that  observed  for 

1  ' 

The  p  dependence  for  B  _  ^  is  expected  as  plasma  wave  convective 

y,sac 

losses  should  provide  the  principal  saturation  mechanism  for  these 

low  field  intensities.  However,  we  find  that  the  magnitude  of  the 

saturated  magnetic  field  is  approximately  100  times  larger  than  that 

predicted  by  Spezlale  and  Catto^.  Looking  somewhat  more  closely  at 

our  experiment  we  see  that  the  measured  saturation  time  (.7  ys)  is 

approximately  10  times  the  thermal  convection  time  given  by 
2/3 

(uj^L/v^^)  which  yields  t^  “  70  nsec  for  our  parameters.  It  there¬ 
fore  appears  that  the  plasma  wave  convective  losses  are  being  inhib¬ 
ited.  A  possible  mechanism  is  simply  wave  trapping  in  density  profile 
modifications  produced  by  the  Incident  rf. 

We  therefore  first  performed  measurements  with  a  Langmuir  probe 
to  demonstrate  the  formation  of  a  density  cavity  near  the  critical 
layer  even  at  these  low  input  power  levels  (<  SO  W).  The  perturbed 
density  profile  is  shown  in  Fig*  8  for  various  times  after  cessation 
of  a  1  ys  duration  rf  pulse.  To  demonstrate  that  these  are  in  fact 
density  changes  complete  probe  I-V  characteristic  curves  were  taken 
with  the  probe  located  within  the  cavity.  It  was  discovered  that  as 
expected  only  the  probe  electron  saturation  current  had  changed  and 
not  the  slope  (electron  temperature)  or  plasma  potential.  This  indi¬ 
cates  that  the  modification  of  the  Langmuir  probe  signal  .is  due  to  a 
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density  change.  It  should  be  noted  that  the  actual  width  and  depth 
of  the  density  cavity  are  probably  significantly  different  froa  the 
measured  values  due  to  the  probe  perturbation  of  the  resonance  re- 
glon.  However,  the  formation  of  a  density  cavity  suitable  for  plasma 
wave  trapping  Is  clearly  seen.  Future  plans  include  the  use  of  elec¬ 
tron  beam  probing  to  measure  the  actual  width  of  the  cavity. 

Measurements  were  made  of  the  high  frequency  rf  electric 
fields  using  both  monopole  and  dipole  probes.  Time  resolved  meas- 
uronents  of  the  rf  electric  field  In  the  vicinity  of  the  resonance 
layer  reveal  that  both  the  rf  electric  field  and  quasl-statlc 
magnetic  field  saturation  times  are  coincident  (see  Fig.  9).  The 
peak  of  the  electric  field  near  the  resonance  layer  was  found  to 
be  located  in  the  center  of  the  aforementioned  stationary  density 
cavity.  By  employing  Input  rf  pulses  with  sharp  leading  and  trailing 
edges  (t  <  10  nsec)  we  were  able  to  observe  a  difference  in  the  field 
growth  and  decay  characteristics  in  the  neighborhood  of  the  cut-off 
and  resonance  layers,  respectively.  Specifically,  we  find  that  the 
pulse  shape  In  the  vicinity  of  the  cut-off  layer  exactly  follows  the 
Input  rf  pulse  to  within  the  limits  of  resolution  of  our  system 
(*  25  nsec).  However,  the  temporal  behavior  is  quite  different  in  the 
nelghborteod  of  the  critical  layer.  We  find  that  the  field  rises  much 
more  slowly  than  the  Incident  rf  pulse  and  that  It  decays  more  slowly 
than  the  Incident  rf  pulse  which  is  suggestive  of  wave  trapping  In 


the  previously  described  density  cavity.  It  should  be  again  stressed 
that  the  presence  of  the  probe  strongly  perturbs  the  resonance  layer 

I 

and  can  serve  as  a  loss  nechanlsm  for  electron  plasma  %faves.  There- 
fore,  the  observed  trapping  time  of  75  nsec  (for  |e^|)  at  50  V  Is 
probably  much  smaller  than  the  actual  value.  Again,  It  appears  that 
electron  beam  probing  will  be  required  to  remov''  he  discrepancy. 

The  scaling  of  the  saturated  value  of  the  electric  field  In  the 
vicinity  of  the  critical  layer  was  also  measured.  Here  the  probe  was 
typically  located  at  resonance.  The  saturated  electric  field  exhibits 
a  sharp  break  In  scaling  at  a  power  level  of  40  W  identical  to  that 

exhibited  by  the  magnetic  field.  However,  we  note  that  where 

12  2  2 
changes  from  a  p  to  p  dependence,  changes  from  a  p  *  to  a 

0  4 

p  *  dependence.  Additional  work  must  be  done  until  these  latter  de¬ 
pendences  are  understood. 

As  discussed  above,  the  measured  saturation  level  and  saturation 
time  for  the  quasl-statlc  magnetic  field  are  approxlitately  100  and  10 
times,  respectively,  the  predictions  of  Speziale  and  Catto^.  Further¬ 
more,  the  measured  spatial  variation  of  the  magnetic  field  is  much 
more  gentle  then  the  predicted  variations.  Ve  have  numerically  plot¬ 
ted  the  magnetic  field  using  the  expression  of  Ref.  7  evaluated  at 
T  >  700  nsec  and  find  that  the  field  is  primarily  restricted  to  a 
narrow  region  near  the  critical  layer.  To  better  understand  the  dis¬ 
parity  between  experiment  and  theory  we  first  carefully  examined  the 


assunptions  of  their  model.  Ve  then  proceeded  to  derive  our  own 
theoretical  expressions  for  the  magnitude  and  spatial  dependence 
of  the  saturated  magnetic  field. 

Spezlale  and  Catto^  obtain  the  magnetic  field  by  integrating 
the  beat  current  -e<nu>  from  *>  to  x  (axial  position  along  the  den¬ 
sity  gradient)  under  the  assumption  that  B  vanishes  at  x  •  They 
obtain  the  high  frequency  field  via  Laplace  transformation  (Initial 
valve  problem)  with  a  solution  restricted  to  the  region 
«  1  (l.e.  near  the  critical  layer).  As  mentioned  above,  the  spatial 
distribution  of  the  magnetic  field  predicted  by  this  model  is  much 
more  narrow  than  the  measured  field  variation. 

To  resolve  this  disagreement  we  have  Investigated  the  saturated 
magnetic  field  in  the  low  power  linear  regime  where  analytic  solu¬ 
tions  may  easily  be  obtained.  Since  our  measured  angle  of  Incidence 
Is  rather  small  (6  *=  1A°)  the  large  angle  expressions  for  the  high 
frequency  fields  given  by  Ginzburg  are  not  applicable.  We  therefore 
obtained  an  exact  series  solution  similar  to  that  of  Forsterllng  by 
assuming  E  «  f(x)  and  Fourier  transforming  the  coupled 

fluid-Maxwell  equations.  The  high  frequency  longitudinal  electric 

field  In  the  underdense  region  then  has  the  form 

•  r  2  “  ,n+l 

E  ■  C,  E  +  ^2  ^  (Ind)  53  ‘n 

*  ^  n-o  “  L 

+  £  ^  1  where  q^  ■  k^^sln^S, 

n«o  J 
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n 


5  >  eL,  L  Is  the  density  gradient  scale  length  and  e  is  the  plasma 
dielectric  constant.  In  the  overdense  region  (near  the  critical 
layer)  we  have  To  obtain  the  coefficients  we  employ 

the  following  boundary  conditions: 


(1)  At  the  horn  E  >  E  sln6 

X  o 

(2)  At  the  critical  layer,  both  electric  field 
tlve  must  be  continuous.  The  perpendicular  electric 
talned  utilizing 


the  prime  denotes  differentiation  with  respect  to  x. 
equations  yield 


dx 


Aire 

c 


<nu  > 

y 


with 


and  its  derlva- 
field  was  ob- 

where 
Maxwell ' s 


dEx 

-  “  dx"  ■  ®^y 

We  note  that  Spezlale  and  Catto^  Ignored  the  term  In  their 

derivation.  We  find  that  the  model  described  above  well  describes 
our  experimental  measurements.  First,  the  predicted  longitudinal 
electric  field  is  In  good  agreement  with  out  low  power  5 
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1.4  X  10  )  experimental  results.  In  addition,  the  theory  predicts 
a  large  current  sheet  perpendicular  to  the  density  gradient  located 
at  the  resonance  layer.  This  current  sheet  is  the  main  contribution 
to  the  d.c.  magnetic  field  generation.  The  magnetic  field  will  there¬ 
fore  change  sign  near  the  critical  layer,  slowly  vary  spatially  and 
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attain  Its  largest  value  near  the  critical  layer,  all  in  agreement 
with  experiment.  Figs.  10  and  11  display  the  spatial  variation  of 
|e  and  the  current  sheet  for  an  Incident  angle  6  >  10°.  The 
magnitude  of  the  magnetic  field  is  easily  obtained  by  Integration 
of  the  current  sheet.  The  predicted  value  is  approximately  an  order 
of  magnitude  larger  than  the  measured  value.  The  various  field 
saturation  terms  are  presently  being  examined  to  see  if  this  discrep¬ 
ancy  can  be  resolved. 

3.  Sollton  Flash 

The  absorption  mechaniein  for  electromagnetic  waves  near  the 
critical  layer  becomes  more  complicated  at  powers  In  excess  of  chose 
utilized  for  the  measurements  described  In  the  preceeding  subsection. 

g 

Elsasser  and  Schamel  have  proposed  that  strong  Ion  heating  can 
occur  due  to  the  strong  fields  associated  with  a  transient  solitary 
wave  structure  which  they  call  the  "sollton  flash."  We  have  observed 


such  behavior  In  our  plasma.  The  field  maximum  typically  occurs  at 
T  “  20  after  the  tum-on  of  the  rf  as  compared  to  0)^^^  T  =  10  as 
predicted  by  Elasser  and  Schamel.  Figure  12  shows  that  the  flash 
time  scales  as  predicted.  A  comparison  of  our  electric 

field  time  evolution  with  their  numerical  predictions  Is  shown  In 


Figure  13.  We  also  note  that  as  shown  in  Figure  14  the  quasl-statlc 


magnetic  field  exhibits  a  gro%>th  whose  maximum  is  correlated  with  the 
"sollton  flash."  A  similar  correlation  In  the  hot  electron  produc¬ 
tion  is  observed  as  Indicated  In  Fl^.  15.  A  preliminary  description 


Fig.  10.  Spatial  Variation  of 
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Current  Density 


1 


of  these  observations  has  been  prepared  for  submission  to  Physical  Re¬ 
view  Letters  and  is  Included  as  Appendix  II.  Ve  hope  to  refine  these 

I 

■easureaents  during  the  coming  year.  Ve  note  that,  although  these  tran¬ 
sient  phenomena  may  not  necessarily  be  as  important  as  say  SBS  studies 
to  laser  fusion,  they  shed  additional  light  on  the  complicated  pro¬ 
cesses  associated  with  energy  absorption  at  the  critical  layer. 

B.  Acquisition  and  Testing  of  MORT  and  AWACS  S-band  Radar  Systems 
For  Microwave  Simulations  of  Laser  Plasma  Interactions 

In  order  to  increase  the  field  intensities  for  our  microwave  in¬ 
vestigations  of  laser-plasma  interactions,  ve  located  two  S-band  radar 
transmitters  which  were  transferred  to  our  contract.  The  lover  power 
(P  -  160  kV)  MORT  radar  is  primarily  being  used  in  our  critical  density 
plasma.  The  higher  power  AWACS  system  (P  -  1.5  MW)  will  be  used  in 
finite  bandwidth  studies  of  backscattering  instabilities. 

The  MORT  radar  system  was  delivered  to  us  inside  a  40-foot  long 
trailer.  The  documentation  was  also  inside  the  trailer  and  was  found 
to  be  complete  including  test  procedures  for  most  components.  The 
transmitter  group  was  removed  from  the  trailer  and  reassembled  in  our 
laboratory.  Power  was  supplied  by  existing  400  Hz  motor  generators. 

The  system  ms  found  to  be  in  working  order  for  the  most  part,  and  ms 
brought  online  in  December  1978.  The  transmitter  ms  found  to  produce 
a  10  usee  RF  pulse  at  a  peak  power  of  160  kW  as  specified  in  the  docu¬ 
mentation.  The  output  ms  routed  via  a  avltchable  mvegulde  transmis¬ 
sion  line  to  two  of  our  plasma  chambers. 
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The  AUACS  Reder  wee  delivered  to  us  as  a  completely  disassenbled 
systen  without  any  documentation.  We  requested  (from  Hughes)  docu* 
mentation  and  subsequently  received  an  incomplete  set  of  printa.  After 
finding  these  prints  inadequate  to  assemble  the  transmitter,  we  issued 
a  second  request  for  documentation.  The  new  set  of  prints  arrived  in 
March  1979. 

The  second  set  of  prints  were  complete  enough  to  allow  us  to 
assemble  the  transmitter  portion  of  the  AWACS.  Assembly  was  begun  In 
June  1979.  The  AWACS  required  an  increase  in  our  400  Hz  power  capabil¬ 
ity.  This  was  accomplished  by  replacing  our  motor  generator  sets  with 
more  powerful  models. 

The  water  cooling  system  was  not  supplied  to  us  so  we  constructed 
our  own.  The  tank  containing  the  high  voltage  regulator  was  delivered 
to  us  unpressurized  so  we  pumped  it  out,  purged  it,  and  backfilled  it 
with  dielectric  freon.  All  the  required  interlocks  were  satisfied  and 
switches  were  added  to  control  functions  previously  controlled  from 
the  ECCM  panel. 

Various  problems  were  encountered  in  trying  to  bring  the  AWACS 
Into  operation  including  coolant  leaks  and  defects  in  the  Inverter 
trigger  circuitry. 

A  timing  circuit  was  constructed  to  generate  the  transmitter  on 
and  off  signals.  This  circuit  Included  a  10  Hz  internal  clock  rate 
and  an  external  triggering  capability  to  facilitate  synchronization 
with  our  pulsed  plasma  discharge. 


The  RF  output  was  connected  to  our  plasma  chamber  via  a  waveguide 
system.  This  Included  the  AWACS  duplexer  to  protect  the  third  RFA  from 
reflected  power,  a  harmonic  rejection  filter,  two  directional  couplers 


to  measure  forward  and  reverse  power,  a  ceramic  window,  and  various 
bends.  We  found  It  was  necessary  to  pressurize  the  waveguide  with 
SFg  because  of  arcing  Inside  the  harmonic  rejection  filter.  Since  our 
pulse  shape  requirements  were  different  from  the  original  AWACS  design, 
the  pulse  shape  and  phase  control  portions  of  the  first  RFA  were  by¬ 
passed.  In  addition,  we  found  that  output  stability  was  enhanced  by 
adding  an  RF  Isolator  between  the  second  and  third  RFA's. 

The  system  has  been  tested  and  delivers  IHW  of  RF  power  to  our 
chamber  between  3.25  and  3.35  GHz.  Experiments  are  now  in  progress. 

C.  Finite-Beta  Waves  and  Instabilities 

Basic  plasma  physics  experiments  with  applications  toward  magneto- 
spheric  physics  require  controlled  laboratory  plasmas  with  known  para¬ 
meters.  For  experiments  dealing  with  long  wavelength  instabilities, 
rf  absorption  and  heating,  current  driven  instabilities  and  laser 
microwave  diagnostics,  considerable  effort  has  been  spent  in  generating 

a  3^eter  long,  5  cm  diameter  magnetized  plasma.  Requirements  of  this 
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system  include  a  density  greater  than  10  cm  ,  plasma  production  in¬ 
dependent  of  any  axial  currents,  and  steady  state  operation  in  the  2  kG 
axial  magnetic  field. 
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The  primary  problem  In  the  construction  of  such  a  device  is  the 
plasma  generation  system.  The  Lanthanum  Hexaborlde  hollow  cathode 
developed  at  UCLA  provided  a  good  starting  point  due  to  Its  high  Ion¬ 
ization  capabilities  and  steady-state  operation  at  large  currents. 

This  cathode  was  placed  20  -  40  cm  from  a  cylindrical  anode  at  one 
end  of  the  vacuum  system  and  a  discharge  up  to  350  A  between  the  two 
produced  the  required  plasma  In  A,  He  &  H.  This  plasma  drifted  along 
the  axial  magnetic  field  and  was  collected  on  a  water  cooled  electrode 
(at  the  far  end)  which  could  be  Individually  biased  to  collect  any 
current  desired. 

Several  variations  of  this  basic  design  have  been  tried  In  the 
continuing  effort  to  expand  the  plasma  diameter  without  sacrificing 
the  density  or  component  lifetimes.  These  configurations  will  be  dis¬ 
cussed  along  with  the  studies  of  the  plasma  discharge  and  some  prelim¬ 
inary  observation  of  the  plasma  instabilities. 

1.  Cathode-Anode  Assembly 

The  cathode  for  this  device  Is  a  hollow  tungsten  tube  with  an 
indirectly  heated  solid  lanthanum  hexaborlde  element  Inside  as  the  ac¬ 
tive  electron  esltter.  Neutral  gas  Is  fed  Into  this  tube  and  exits 
from  a  aull  aperture  at  the  front.  The  neutral  gas  pressure  inside 
Che  Cube,  and  Chcrcfore  Che  plasma  density  and  collislonallty.  Is 
controlled  by  the  gas  flow  and  Che  aperture  diameter.  The  cathode  was 
operated  directly  in  Che  2  kC  axial  magnetic  field  and  In  a  field  free 
magnetic  cusp  generated  by  current  reversal  in  the  last  field  coil. 


Operation  in  the  field  free  (or  low  field)  region  produced  a  discharge 
of  50  -  350  A  at  40  -  90  V  In  A  and  60  -  110  V  In  H:He.  The  cathode 
aperture  diameter  was  varied  between  0.5  cm  -  1.25  cm,  with  the  most 
efficient,  low  noise  operation  obtained  at  a  diameter  of  about  0.65  cm. 
In  the  magnetic  field,  the  aperture  diameter  had  to  be  .5  -  .65  cm  In 
order  to  draw  more  than  100  A  from  the  cathode.  This  is  attributed  to 
the  Increased  colllslonallty  of  the  cathode  plasma  required  for  proper 
operation.  However,  bombardment  of  the  tungsten  shell  by  the  dense, 
axially  confined  plasma  (flux)  caused  serious  overheating  and  evapora¬ 
tion  of  the  cathode  components  and  limited  the  system  lifetime  to 
about  25  hours. 

Three  anode  assemblies  were  tested  In  the  attempt  to  generate  a 
high  density,  5  cm  diameter  plasma  column.  The  first  was  simply  a 
cooled  surface  at  the  point  where  the  cusp  magnetic  field  strikes  the 
chamber  wall.  The  plasma  generated  in  this  configuration  had  the  re¬ 
quired  density,  but  was  less  than  1  cm  In  diameter.  Expansion  of  the 
plasma  diameter  was  accomplished  by  moving  the  anode  and  cathode  Into 
the  high  magnetic  field  region.  The  anode  had  a  diameter  of  1.25  cm 
and  fully  enclosed  the  cathode  so  that  the  gas  flowed  through  both 
cathode  and  anode  orifices. 

The  anode  was  placed  so  that  the  maximum  magnetic  flux  passed 
through  the  aperture,  and  the  generated  plasma  expanded  to  about  3  cm 
in  diameter  In  the  slightly  lower  field  of  the  3-meter  vacuum  system. 
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The  systa  parameters  for  this  configuration  are: 


Magnetic  field  on  system  axis 
Gas 

Background  chamber  pressure  (measured 
Anode  Interior  pressure  (calc) 

Cathode  Interior  pressure  (calc) 
Discharge  current 
Density 
Electron  Temp. 


2  IcG 

I 

Argon 

2-3  X  lO”^  Torr 
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2  X  10  Torr 
1  X  10"^  Torr 


50  -  300  A 


>  10^^  cm"^ 


between  2-5  eV 


Operation  In  helium  and  hydrogen  was  very  similar  but  required  about 
twice  the  gas  pressure  and  10  volts  higher  discharge  voltage. 

The  plasma  was  further  expanded  in  diameter  by  the  construction 
of  a  wheel  shaped  anode  with  a  3  cm  In  diameter  orifice.  This  anode 
consisted  of  six  copper  water  lines  bent  and  soldered  from  a  cooled 
orifice. 

The  larger  anode  expanded  the  plasma  diameter  In  Ar  to  about 
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4.5-5  cm  at  a  density  of  1.5  x  10  and  a  discharge  current  of  250A. 

In  the  attempt  to  generate  the  high  density,  large  diameter  plasma 
using  the  hollow  cathode  In  this  configuration,  several  scaling 

rules  became  apparent.  The  anode  should  be  in  the  highest  magnetic 
field  region  as  this  will  determine  the  plasma  diameter.  In  the 
cathode  In  the  magnetic  field,  the  largest  aperture  gives  the  largest 
plasma.  However,  if  the  aperture  becomes  too  large  (>  7  bm),  the 


colllslonallty  of  the  cathode  plasma  decreases  and  the  cathode  ceases 
to  operate  at  high  current.  For  the  cathode  In  the  field-free  cusp, 
the  aperture  can  be  opened  until  the  cathode  plasma  density  decreases 
enough  to  limit  the  extracted  electron  current.  Since  the  cathode  Is 
In  a  low  magnetic  flux  region,  electrons  must  diffuse  across  the  field 
lines  to  strike  the  anode  and  generate  the  large  diameter  plasma.  This 
can  be  accomplished  by  aperture  limiting  at  the  anode  to  increase  the 
neutral  gas  density  in  the  discharge  region  and  colllslonally  diffusing 
the  plasma  to  the  anode  ring.  The  discharge  voltage  also  rises  In  this 
case  since  the  perpendicular  diffusion  is  also  aided  by  high  energy 
electrons.  (D  “>  KT  for  electron-neutral  collisions).  The  best  con¬ 
figuration  Is  a  cooled  anode  In  the  maximum  magnetic  field  In  which  all 
the  gas  passes  through  the  aperture,  and  the  cathode  in  the  decreasing 
field  of  the  cusp  field  so  that  the  plasma  flux  decreases  enough  to 
allow  reasonable  component  lifetimes. 

2.  Plasma  Column  Modifications 

In  the  original  construction  of  the  long  plasma  column  vacuum 
system,  a  7.5  cm  diameter  constriction  was  placed  in  the  machine  center 
to  accommodate  the  magnetic  field  coll  system.  As  the  plasma  diameter 
Increased,  this  constriction  overheated  and  limited  the  running  time  to 
about  5  minutes.  Current  work  Is  Involved  In  the  removal  of  the  con¬ 
striction  and  modification  of  this  section  of  the  chamber  to  a  minimum 
15  cm  diameter.  At  the  same  time,  the  advantageous  discharge  configur- 
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atlons  mentioned  In  the  last  section  Is  being  re-constructed  with 
proper  cooling  for  higher  current  operation  (500  A).  It  Is  antici¬ 
pated  that  these  modifications  will  produce  a  >  5  cm  diameter, 
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10  cm  plasma  in  helium  capable  of  steady  state  operation. 

3.  Plasma  Oscillations 

Preliminary  Investigation  of  the  oscillations  present  In  this 
plasma  column  under  certain  discharge  conditions  revealed  at  least  two 
different  Instabilities  and  suggested  that  more  were  present.  Diagnos¬ 
tics  were  performed  using  Langmuir  probes  placed  Just  outside  the  main 
plasma  column.  A  large  amplitude,  low  frequency  wave  was  present  at 

Just  about  all  discharge  currents  and  for  chamber  pressures  below 
'-A 

5  X  10  Torr.  Biasing  the  probes  to  collect  ion  saturation  current 

Indicated  that  this  rotating  wave  (azimuthal,  m  >  1)  had  a  density 

about  equal  to  that  of  the  main  plasma  column.  The  Instability  had  a 

frequency  of  9.2  kHz,  a  wavelength  of  1  meter,  and  rotated  with  an 

azimuthal  phase  velocity  of  1.8  x  10^  cm/sec.  A  calculation  of  the 

electron  diamagnetic  drift  velocity  coincided  with  this  value  assuming 

a  5  eV  electron  temperature,  suggesting  that  this  Is  a  drift  wave.  At 

discharge  currents  above  300  A  corresponding  to  densities  well  over 
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10  cm  ,  this  Instability  decreased  In  magnitude  and  the  plasma  be- 
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came  much  quieter.  Decreasing  the  gas  pressure  below  2  x  10  Torr  at 
this  current  restores  the  instability. 

A  second  Instability  was  detected  at  600  kHz  but  %fais.not  Investi¬ 
gated  in  detail.  During  all  of  these  tests,  the  cooled  electrode  at 


the  end  of  the  system  was  allowed  to  float.  Future  experiments  will 
Involve  Investigation  of  other  instabilities  already  present  and  cur- 

I 

rent  driven  Instabilities  produced  by  biasing  the  end  electrode. 

More  sophisticated  diagnostics  such  as  FIR  laser  scattering  and 
spectroscopy  are  being  moved  Into  position  for  use  on  this  machine  at 
this  time. 

D.  Plasma  Diagnostic  Development 

The  strength  of  our  program  continues  to  be  due  to  our  strong 
emphasis  on  diagnostics  development.  Particular  attention  has  been 
paid  to  measurements  associated  with  microwave  simulations  of  laser- 
plasma  Interactions. 

1.  RF  Synchronized  Plasma  Pulser 

A  master  timing  circuit  has  been  designed  and  constructed  that 
enables  us  to  launch  coherent  3  GHz  wave  packets  into  a  plasma.  The 
wave  packets  are  viewed  directly  using  a  sampling  oscilloscope.  The 
sampling  time  base  produces  a  28  KHz  square  wave  that  Is  used  to  syn¬ 
chronize  the  entire  system.  The  28  KHz  signal  is  divided  down  to 
10  Hz  and  a  series  of  delay  channels  trigger  the  plasma,  the  RF  modu¬ 
lator,  the  RF  signal  source,  and  other  oscilloscopes.  All  of  these 
events  are  synchronized  to  the  sampling  unit.  In  another  mode  of  oper¬ 
ation  the  timer  is  internally  clocked  with  a  variable  repetition  rate 
of  5  to  20  Hz.  This  mode  is  used  for  experiments  that  do  not  require 
the  sampling  unit. 


2.  Boxcar  Data  Acquisition  System 

Ve  have  completed  construction  and  testing  of  the  Boxcar  Data 


Processor  (BDP).  This  device  digitizes  the  analog  output  of  our  box¬ 
car  Integrator  and  Inputs  the  data  to  our  H.P.  982SA  programable  cal¬ 
culator  for  analysis  and  storage.  The  following  is  a  general  descrip¬ 
tion  of  the  BDP  design  followed  by  a  detailed  explanation  of  the  cir¬ 
cuit  functions,  timing,  and  logic. 

Figure  16  Is  a  block  diagram  of  the  Boxcar  Data  Processor  (BDP). 
Two  Inputs  are  required  from  the  boxcar.  The  analog  output  Is  connec¬ 
ted  to  the  analog  to  digital  converter  (A/D),  and  the  scan  output  is 
connected  to  the  comparator  as  shown  In  Fig.  16.  The  boxcar  scan  out¬ 
put  produces  a  signal  that  Increases  from  0  to  10  volts  as  the  boxcar 
sampling  gate  scans  across  the  time  base.  The  staircase  generator  Is 
comprised  of  an  8  bit  counter  driving  a  digital  to  analog  converter 
(D/A).  This  voltage  is  compared  to  the  scan  ramp  In  the  comparator. 
The  comparator  output  triggers  the  sampling  sequence  of  the  A/D  and 
subsequent  transfer  of  data  to  the  calculator.  Since  the  staircase 
has  256  steps,  a  full  scan  yields  256  data  samples.  The  A/D  produces 
a  10  bit  word.  The  coding  Is  such  that  all  zeroes  corresponds  to  -5 
volts  and  all  ones  corresponds  to  +5  volts.  With  the  boxcar  on  Its 
most  sensitive  scale  a  resolution  of  .05  mV  is  obtained. 

The  details  of  the  circuit  logic  are  now  described.  The  schema¬ 
tic  diagram  Is  shown  In  Fig.  17.  With  the  boxcar  ready  for  a  scan. 
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the  reset  button  Is  pushed.  The  switch  drives  a  contact  debouncer  and 
goes  from  high  to  low.  This  triggers  monostable  3  which  generates  a 
positive  pulse.  The  leading  edge  of  this  pulse  resets  the  staircase 
generator  to  zero  volts.  The  trailing  edge  boggles  fllpflop  1  which 
enables  clock  1.  Clock  1  generates  a  1  KHz  pulse  train.  The  trailing 
edge  of  these  pulses  Indexes  the  staircase  until  the  staircase  voltage 
Is  higher  than  the  boxcar  ramp.  At  this  point  the  comparator  goes 
from  high  to  low,  clearing  FFl  which  stops  the  pulses  from  clock  1. 

The  comparator  Is  comprised  of  an  op  amp  using  regenerative  feedback 
to  give  a  Schmidt  trigger  action  with  a  small  amount  of  hysterlsls  for 
noise  Immunity.  The  tranlstor  Is  a  level  converter  to  bring  the  op  amp 
output  down  to  TTL  level. 

The  system  Is  now  ready  to  accept  data.  The  scan  Is  started  and 
when  the  ramp  Increases  by  AO  mV  the  comparator  goes  from  high  to  low. 
This  triggers  mono  1  which  generates  a  3  ys  pulse.  The  leading  edge 
blanks  the  A/D  output  and  the  trailing  edge  starts  a  new  conversion. 
After  about  25  ys  the  data  ready  line  goes  from  high  to  low.  This 
triggers  mono  2  which  drives  the  PFLG  line  to  the  calculator.  This 
tells  the  calculator  that  data  Is  ready  to  be  read  from  the  converter. 
The  data  lines  to  the  calculator  are  buffered  with  transltor  line 
drivers.  When  the  calculator  has  accepted  the  data  It  drives  the  PCTL 
line  from  high  to  low  indexing  the  staircase.  The  comparator  goes  low 
and  the  circuit  waits  for  the  boxcar  ramp  to  Increase  another  AO  mV. 


Vnien  the  staircase  reaches  Its  highest  step,  the  eight  input  NAND 
gate  goes  low  which  inhibits  additional  indexing  conmands  from  PCTL. 
The  stop  button  can  be  used  to  set  a  status  bit  which  is  monitored  by 
the  program  running  in  the  calculator  and  Interpreted  to  mean:  stop 
the  program.  The  scope  display  circuit  is  comprised  of  a  10  line  to 
1  line  nultiplexer  which  is  clocked  every  millisecond.  The  AM)  gate 
together  with  mono  4  generate  synchronizing  trigger  pulses  for  the 
oscilloscope.  This  gives  a  clear  display  of  the  binary  word  on  the 
A/D  output  lines. 

The  circuit  was  built  on  a  9"  x  6"  Integrated  circuit  breadboard 
using  wire  wrapping  for  Interconnection. 

The  BDP  is  currently  being  used  in  our  study  of  critical  layer 
phenomena  and  an  article  concerning  the  design  will  be  submitted  to 
the  Review  of  Scientific  Instniments  for  publication. 

3.  Electric  Dipole  Probe 

We  have  constructed  a  directional  electric  dipole  probe  with  a 
high- input  impedance  to  measure  the  electric  field  enhancement  in  the 
neighborhood  of  the  cut-off  and  critical  layers.  It  is  hoped  that  its 
small  size  (=!  1  cm  dlam.)  combined  with  high  input  impedance  will  mini¬ 
mize  the  perturbation  of  the  plasma,  particularly  in  the  neighborhood 
of  the  resonance  layer.  The  ttro  dipole  legs  feed  a  shielded,  balanced 
transmission  line  with  a  characteristic  Impedance  of  100  n.  At  the 
desired  frequency  f^  this  line  is  X/4  long  and  ia  terminated  by  a  4^ 


high  frequency  (low  Inductance)  resistor.  Thus  the  Input  Impedance 

la  2500Q.  The  following  section  of  transmission  line  Is  simply  an  Im- 

< 

pedance  transformer  to  match  the  USl  resistor  to  a  standard  SO  trans¬ 
mission  line. 

4.  Retarding  Grid  Energy  Analyser 

Suprathermal  electrons  and  Ions  generated  In  our  microwave  simula¬ 
tion  experiments  are  detected  using  an  electrostatic  multigrid  retarding 
energy  analyser.  The  energy  analyser  (.76  cm  long,  1.5  cm  dlam.)  body 
Is  machined  from  solid  copper  to  reduce  the  possibility  of  spurious 
signals  due  to  the  presence  of  the  strong  microwave  fields.  The  first 
grid  (98  llnes/mm)  which  Is  held  at  the  body  potential,  provides  an 
additional  rf  attenuation.  This  shielding  la  so  successful  that  the 
analyser  can  actually  be  inserted  into  the  underdense  plasma  region 
inside  the  horn  without  encountering  spurious  pickup. 
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OBSERVATION  OF  STIMULATED  BRILLOUIN  SCATTERING 


IN  A  MICROWAVE  PLASMA  INTERACTION  EXPERIMENT 

H.  E.  Huey,  A.  Mase*  and  N.  C.  Luhmann,  Jr. 

University  of  California,  Los  Angeles,  CA  9002A 

ScliDulated  Brillouln  scattering  of  microvave  radiation  Is  Investi¬ 
gated  In  an  underdense  laboratory  plasma.  The  energy  and  momentum  selec¬ 
tion  rules  are  seen  to  be  satisfied  for  a  variety  of  Incident  wavelengths  . 
(Ijj  ■  3  '10  cm)  and  Ion  species  (He,  Ne,  Ar  and  Kr).  The  threshold  power, 

growth  rate  and  scattered  power  appear  to  be  consistent  with  the  finite 
interaction  length  theory.  Saturation  of  the  backscatter  Is  observed 
and  compared  with  existing  theories. 


*Permanent  Address:  Faculty  of  Engineering,  Nagoya  University, 


Nagoya,  464,  Japan 


Stimulated  Brlllouln  scattering  (SBS)  Is  a  serious  obstacle  preventing 
the  efficient  absorption  of  the  Incident  laser  light  In  laser  pellet  Inter¬ 
action  experiments^  We  report  here  the  first  observation  of  SBS  In  a 
microwave-plasma  Interaction  which  may  hel].  to  elucidate  some  of  the  physics 
relevant  to  the  laser-plasma  case.  Specifically,  the  threshold  power,  growth 
rate,  and  saturation  level  have  been  determined  for  SBS  In  a  0.1  n^^  plasma. 

The  experiments  were  performed  In  an  unmagnetized  plasma  of  75  cm 
diameter  and  2  m  length  produced  by  a  multi- filament  discharge  with  surface 
multipole  magnetic  confinement.  Typical  operating  parameters  are  gas  filling 
pressure  1  -  3  x  lo  ^  Torr,  electron  density  n^  •  10^®  *  10^^  cm~^,  density 
gradient  scalelengths  L/Xq  “  20  -  70, temperature  T^  «  2  eV,  and  electron- Ion 
temperature  ratio  T^/T^  “  10  ~  12.  The  microwave  pump  of  frequency 
a)^/2ir  «  3.4  ~  16  GHz,  power  P  f  1  MW  and  pulse  width  *  0.1  -  10  psec  Is 

Introduced  along  the  chamber  axis  by  means  of  a  high  gain  («:  20  dB)  grldded 
horn.  For  the  experiments  described  herein,  n^  was  maintained  at  0.1 
where  n^^  Is  the  critical  electron  density  corresponding  to  each  microwave 
frequency.  For  purposes  of  orientation,  the  above  mentioned  pnlse  widths  and 
scalelengths  roughly  correspond  to  a  Nd  glass  laser  experiment  with  less 
than  50  psec  duration  and  with  a  prepulse.  The  Incident  and  backscattered 
electrogmagnetlc  waves  are  separated  for  detection  using  either  a  circulator 
or  directional  coupler,  and  then  fed  either  into  a  square  law  detector  for 
power  measurements  or  Into  a  spectrum  analyzer  for  frequency  shift  measure¬ 
ments.  The  Ion  waves  associated  with  SBS  are  detected  using  movable  Langmuir 
probes.  RF  pick-up  Is  not  found  to  be  a  problem  since  the  waves  are  measured 
long  after  the  disappearance  of  the  microwave  pump.  However,  it  should  be 

noted  that  the  ion  frequency  during  the  rf  pulse  may  be  considerably  different 

3 

than  that  measured  afterwards  since  we  are  in  the  strong  pump  limit  , 


I 


(1) 


Convincing  evidence  for  the  existence  of  SBS  In  these  microwave  experi¬ 
ments  Is  obtained  by  verifying  that  the  energy  and  momentum  selection  rules, 
and  ■  k -f  ](  are  satisfied  where  (w^,  ,  (u,  k)  ,  and  (o)^,  k^) 

are  the  frequency  and  wavenumber  vector  of  the  Incident  wave,  Ion  wave,  and 
scattered  wave,  respectively.  In  Fig.  1,  the  momentum  selection  rule  Is  shown 
to  be  well  satisfied  for  a  variety  of  Incident  wavenumbers  (k^  ■  0.71,  1.15, 
1.80  and  1.97  cm  and  Ion  species  (He,  Ne,  Ar  and  Kr).  The  experimental 
value  of  k  Is  determined  from  the  wave  phase  velocity  and  frequency  measured 
by  an  axially  movable  Langmuir  probe.  The  solid  line  In  Fig.  1  shows  the 

relation  k  ■  2k',  where  k'  Is  the  wavenumber  of  the  Incident  wave  In  the 
o*  o 

plasma  (k'  “  0.95  k  for  n  “  0.1  n  ). 
o  o  o  cr 

The  verification  of  the  SBS  energy  selection  rule  In  microwave-plasma 

Interactions  Is  more  difficult.  Since  t  Is  chosen  to  be  small  In  order  to 

P 

avoid  additional  Ionization  of  the  background  gas,  the  frequency  shift  between 
the  Incident  and  scattered  waves  Is  partially  masked  by  the  spectral 
broadening  of  the  Input  microwave  pulse  Itself.  To  measure  the  frequency 
shift  of  the  reflected  electromagnetic  wave,  we  operated  with  the  maximum 
Ion  wave  frequency  to  provide  the  maximum  frequency  shift  (390  kHz).  The  Inci¬ 
dent  and  reflected  pulse  spectra  were  obtained  over  many  experimental  pulses 
using  a  storage  spectrum  analyzer  yielding  a  frequency  shift  of  210  kHz,  with 
the  shift  in  the  red  direction  for  the  reflected  wave.  Considering  that  the 

reflected  wave  is  a  combination  of  the  incident  wave  (t_  ■  U  ys),  unshlfted 

P 

reflected  wave  due  to  waveguide  mismatches  and  chamber  reflections,  es  well 

as  the  scattered  wave,  the  agreement  is  close  enough  for  us  to  feel  thet 

the  energy  selection  rule  la  also  satisfied  in  our  experiment. 

Figure  2  displays  the  scattered  power  and  the  normalized  density  fluct- 
2 

uatlon  level  (fl/n  )  for  experiments  performed  in  an  argon  plasma  using  a 


(2) 


5.5  GHz  microwave  source.  Since  the  microwave  absorber  material  placed  In 

the  chamber  to  prevent  reflections  Is  not  totally  absorbing  the  residual 

reflected  power  without  the  plasma  («  2%)  Is  subtracted  from  th^  total 

reflected  power  to  obtain  P^.  Referring  to  Fig.  2,  we  observe  that  both 
2 

P^  and  (h/n^)  Initially  Increase  exponentially  and  then  begin  to  saturate 

2 

with  further  Increase  of  P^.  This  saturation  occurs  when  n  ■  E  /8irn  KT  “  6 

o  o  o  o  e 

and  V  /v  *<0.9,  where  v  ■  eE  /m  u  Is  the  quiver  velocity  of  an  electron  In 
oe  ooeo 

the  field  of  the  pump  wave  and  v^  *  (KT^/m^)  .  The  corresponding  values  for 

8.6  GHz  are  ■  1.5  and  “  0.45.  It  should  be  noted  that  the  density 

fluctuations  displayed  In  Fig.  2 (a)  were  measured  quite  far  from  the  horn 

(s  60  cm)  and  are  a  factor  of  2-3  lower  than  the  peak  fluctuations  (see  Fig.  3). 

2 

We  note  that  an  almost  linear  relation  between  P  and  (fl/n  )  Is  obtained 

s  o 

In  the  nonsaturated  region. 

The  inset  in  Fig.  2(a)  displays  the  time  history  of  the  Incident  microwave 
pulse  (top)  which  rises  to  -  702  maximum  In  <  100  nsec  together  with  the 
reflected  microwave  pulse  (bottom)  which  grows  and  approaches  steady  state  on 


the  ion  timescale.  The  initial  fast  rising  portion  of  the  reflected  power 
trace  is  due  to  the  residual  chamber  reflectlvlly  as  discussed  above.  Note 
the  relatively  smooth  (nonsplky)  nature  of  the  reflected  signal.  The  Ion 
wave  growth  is  seen  to  behave  similarly  as  shown  in  the  inset  in  Fig.  2(b) 
which  displays  (ii/a^)  obtained  at  a  fixed  time  after  turn-off  of  a  variable 
duration  3.4  GHz  rf  pulse. 

In  Fig.  3,  ft  is  shown  as  a  function  of  axial  distance  from  the  horn. 

These  data  yield  an  interaction  length  1  for  SBS,  of  about  94  cid  (1  «  130  cm  at 

8.6  GHz).  In  this  experiment,  the  Interaction  length  appears  to  be  limited  in 
size  by  the  divergence  of  the  microwave  beam;  the  measured  density  and  temper¬ 
ature  scale  lengths  are  two  and  twenty  times  as  large,  respectively,  as  1.  We 


(3) 


therefore  restrict  ourselves  to  s  discussion  of  SBS  from  a  finite  length  homo¬ 
geneous  plasma. 

For  our  parameters,  the  absolute  Instability  threshold  exceed  the  con- 

13  6 

vectlve  threshold  by  nearly  an  order  of  magnitude  *  *  .  Therefore,  finite 
Interaction  theory^  yields  the  following  convective  threshold  condition  for 
SBS: 

/  [^0  1  •  (1) 
o 

%rtiere 

^o^*^  (^o  '^o 

Is  the  spatially  dependent  strong  coupling  growth  rate,  is  the  damping  rate 

of  the  ion  wave,  u  Is  the  Ion  plasma  frequency  and  L  Is  the  chamber  length, 
pi  c 

The  interaction  length  Is  calculated  for  several  pumps  in  Table  1. 

Here,  1*  the  threshold  power  obtained  experimentally,  A  is  the  beam  area, 

Y  is  calculated  from  Eq.  (2)with  (P  ,.>,/A),  and  y  is  obtained  experimentally 

from  the  time  history  of  the  Ion  waves.  We  consistently  find  that  t  at 

the  threshold  value  of  pump  power.  In  addition,  we  attempted  to  observe  SBS 

for  a  pump  wave  of  u  /2x  ■■  16  GHz  and  a  power  P  ■  150  kW.  However,  we  did  not 

o  o 

observe  the  appropriate  Ion  waves.  For  the  above  power  level,  the  calculated 
value  of  ■■  170  cm  >  £.  Thus,  it  also  seems  consistent  that  we  could  not 

find  SBS  as  i  <  for  this  case. 

When  Eq. (1)  is  satisfied,  the  scattered  power  P^  arising  from  exponential 

growth  out  of  the  noise  F  is 

n 

-  P^  expClyh/y^c)  ,  (3) 


(4) 


where 


P  -  ~  rl  V  (4) 

n  A  o  8  n  ^  ' 

2  —26  2 

and  ■  8  X  10  cm  ,  ■  Ai  is  the  scattering  volume,  A  Is  the  horn 

aperture  cross  section,  Is  the  distance  from  the  scattering  center  to 

2 

the  horn,  Afl  ■  A  /R  and  ft  is  the  background  ion  fluctuation  level  in  the 
o  n 

vicinity  of  2  k^.  Figure  2  implies  an  exponential  growth  of  P^.  This  depen¬ 
dence  on  P  is  the  same  as  predicted  theoretically.  Knowing  the  values  of 
o 

P  ,  A,  V  ,  ft  and  til  we  can  evaluate  the  backscattered  power  from  Eqs.O)  and 
o  8  n 

4.  The  value  of  P^  estimated  from  this  relation  is  in  agreement  with  the 
experimentally  measured  value  for  all  pump  frequencies  investigated.  The 
threshold  was  also  investigated  by  introducing  a  light  ion  mass  impurity  into 
the  plasma.  An  Increase  appropriate  to  the  Increased  Landau  damping  was 
observed. 

Finally,  let  us  consider  the  saturation  mechanlsm(s) .  Phllllon  et  al.^ 
have  suggested  that  ion  heating  could  saturate  SBS  due  to  Landau  damping  of 
the  ion  waves.  Following  their  expression,  the  ion  heating  rate  can  be 
estimated  from  the  relation 


d 

dt 


(n  CT.) 

O  1 


(5) 


where  u/u^is  the  fraction  of  the  reflected  wave  energy  given  to 
the  ion  waves  and  r  is  the  reflectivity.  When  the  present  experimental  Para¬ 
meters  are  inserted,  we  require  a  pulse  width  of  >  5  x  10~^  sec  to  observe 
the  appropriate  ion  heating.  Energy  analyser  measurements  have  verified  the 
lack  of  ion  main  body  heating  for  the  present  pulse  durations. 

Kruer^  has  proposed  that  the  backscatter  can  be  limited  by  a  aaturatlon 
of  the  ion  waves  due  to  trapping.  Using  a  water>‘bag  model  for  the  Ions  he 
predicts  that  (h/n^)  la  given  by 


(5) 


(4«:  ^1 


(6) 


which  yields  «  13Z  for  T^/T^  “  10-12.  This  value  is  approx¬ 

imately  a  factor  of  two  to  three  times  larger  than  our  observed  ft/n  ■  52. 

o 

g 

Finally,  Ikezi  et  al.  •  have  observed  both  experimentally  and  numerically  non¬ 
linear  frequency  or  wavenumber  shifts  in  ion  acoustic  waves  which  are  attributed  to 
trapped  ions.  This  shift  can  limit  SBS  to  densities  below  that  given  by  Eq.  (6)  by 
moving  the  ion  frequency  out  of  the  resonance  region  which  is  quite  narrow  («  82)  for  our 
parameters.  Using  their  Eq.  (28)  obtained  from  a  kinetic  treatment  of  the 

ions  we  estimate  a  limiting  density  fluctuation  level  fi/n  “  3.52  which  is 

o 

in  excellent  agreement  with  our  observed  value.  It  should  be  noted  that 
energy  analyzer  measurements  indicate  the  presence  of  a  population  of 
accelerated  ions  traveling  at  «  2  c^  produced  by  the  rf  pulse. 

In  conclusion,  we  have  observed,  for  the  first  time,  stimulated  Brlllouin 
scattering  in  a  microwave-plasma  interaction.  The  results  obtained  in  our 
experiment  are  consistent  with  the  theory  for  a  finite  homogeneous  plasma. 

Saturation  of  the  scattered  wave  is  observed  which  is  consistent  with  ion 
trapping. 
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f 

o 

(GHz) 

T 

P 

(psec) 

(W/cm^) 

Y  o(o) 

(sec”^) 

^s 

(sec 

(cm) 

B 

3 

645 

3.2  X  10^ 

2.5  X  10^ 

73 

5.5 

4 

987 

4.3  X  10® 

4.0  X  10^ 

65 

8.6 

5 

564 

4.2  X  10® 

5.0  X  10^ 

85 

Table  1.  Calculated  value  of  threshold  interaction  length 
for  several  pump  frequencies. 


FIGURE  CAPTIONS 


Fig,  1  Vavenunber  of  Ion  waves  versus  incident  electromagnetic  wavenunber. 


Fig.  2(a)  Ion  wave  amplitude  (z  ■  60cm)  versus  incident  power  (tp  ■  4  psec). 
Fig.  2(b)  Scattered  power  versus  incident  power  (Xp  ■  4  psec). 

Fig.  3  Spatial  variation  of  density  fluctuation  amplitude  (xp  ■  4  psec). 


Ion  wave  amplitude 
(Z  B  60cm)  versus 

incident  power (t  >4  pst 
P 


Scattered  power 
versus  incident 
power  (t  •  4  psec) 


OBSERVATION  OF  THE  SOLITON  FLASH 

M.  Rhodes,  Ann  Lee,  Y.  Mishlda, 

N.  C.  Luhmann,  Jr.,  and  S.  P.  Obenschaln 

PPG-428  September  1979 


Electrical  Sciences  &  Engineering  Department 
University  of  California 
Los  Angeles,  California  90024 


noted  that  the  Ion  frequency  during  the  rf  pulse  nay  be  considerably  different 
than  that  measured  afterwards  since  we  are  in  the  strong  pump  limit  . 
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The  soliton  flash  is  observed  in  an  xmnagnetized  inhomogeneous  labor¬ 
atory  plasma.  The  Langmuir  wave  energy  is  observed  to  narrow  spatially  and 
to  rapidly  grow  to  its  peak  value  at  0)^^^  T  =  24  and  then  collapse.  Co¬ 
incident  with  this  flash  are  Increased  hot  electron  production  (Ej^  >  10  e^), 
a  large  Increase  in  the  ion  wave  energy  and  the  maximum  growth  rate  of  the 
spontaneous  magnetic  field. 
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The  absorption  of  electrontagnetic  energy  In  the  vicinity  of  the 

critical  layer  “  **p^*c^  importance  both  to  laser  pellet  fusion 

and  rf  heating  of  magnetically  confined  plasmas.  In  laser  fusion,  much 

1-4 

attention  has  been  given  to  the  process  of  resonance  absorption.  Here, 
an  electromagnetic  wave,  obliquely  incident  to  the  plasma  density 
gradient,  is  partially  reflected  at  the  cutoff  layer  u  »  u)  (x  )/cos6, 

op  CO 

and  tunnels  to  the  critical  layer  where  the  parallel  component  of  the 
electric  field  generates  Langmuir  waves,  which  In  turn  deposit  their 
energy  as  they  propagate  down  the  density  gradient.  In  addition,  the 
ponderomotlve  force  due  to  the  spatially  localized  field  can  expel  plasma 
leading  to  a  density  cavity  and  associated  density  streamers.^  Numer¬ 
ical  solutions  of  the  mode-coupling  equations  applied  to  the  resonance 
absorption  problem  predict  that  the  Langmuir  soliton,  after  growing  to 
large  amplitude,  suddenly  decreases  in  amplitude  at  0)^^^  T  =  13.  This 
process  has  been  referred  to  as  "Soliton  Flash. Associated  with  the 
decrease  in  the  Langmuir  wave  energy  is  a  concomitant  increase  In  ion 
acoustic  wave  energy.  After  the  flash,  the  pump  energy  is  converted  di¬ 
rectly  into  ion  waves.  Since  such  processes  as  spontaneous  magnetic  field 
generation,^  hot  electron  production,  and  return  current  driven  ion  acous- 

g 

tic  instabilltica  depend  aensitively  on  the  details  of  resonance  absorp¬ 
tion,  it  is  of  importance  to  experimentally  examine  the  specific  predic¬ 
tions  of  the  Soliton  Flash  theory. 


-  2  - 


Herein  we  present  results  on  the  observation  of  the  soliton  flash 

and  Its  relation  to  the  above  mentioned  phenomena.  The  experiments  were 

performed  In  a  cylindrical  unmagnetized  plasma  (60  cm  dlam,  60  cm  length) 

produced  by  a  multl-f Uament  discharge.  Pulsed  microwave  radiation 

(f  -  (b)  /2‘It)  -  3GHz)  of  typical  rlsetlme  T  =:  10  nsec  is  launched  from 
o  o  o 

a  grldded  horn  (aperture  =  2  \^)  along  the  z-axls.  The  plasma  density 
Increases  along  z  (n|dn/dz|~^  =:  50  cm  -  5  X^).  There  Is  also  a  relative¬ 
ly  gentle  density  gradient  parallel  to  the  main  component  of  the  Incident 
electric  field  (n|dn/dx|”^  *  200  cm).  Typical  plasma  parameters  are 

n  =  10^^  cm“^,  T  =  2.5  eV,  T  /T.  -  10,  n  =  10^^  can”^  and  electron  col- 
6  c  n 
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llslon  frequency  v/o)  =  10  .  The  calculated  value  of  n  «  “  E _ /SimKT^ 

o  vac  vac  e 

Is  approximately  IZ  at  an  incident  power  of  2.4  kW,  where  E^^^ls  the 
vacuum  field  strength.  This  Is  approximately  the  external  energy  density 
employed  In  the  calculations  of  Ref.  5  and  6  and  the  highest  power  uti¬ 
lized  In  the  present  experiments. 

The  soliton  flash  Is  clearly  evident  In  Fig.  1  which  displays  the 
time  evolution  of  the  high  frequency  electric  field  Intensity  In  the  vicin¬ 
ity  of  the  critical  layer.  The  result  of  Elsasser  and  Schamel^  is  also 
shown  for  comparison  purposes.  As  can  be  seen  from  Fig.  1(a),  the  electric 
field  Intensity  Initially  grows  gradually  In  amplitude,  and  at  T  «  24 
abruptly  decreases  as  predicted  theoretically.  The  flash  time,  as  well  as 
the  detailed  shape  of  the  electric  field  curve  [see  Fig.  1(b)],  are  in 


reasonable  agreement  (factor  of  2)  with  the  prediction  of  Elsasser  and 
Schanel  (o)  .  T  -  13).  Furthermore,  ve  investigated  the  scaling  of  the 

pi 

flash  time  with  ion  mass  for  a  variety  of  ion  species;  (H,  He,  He,  Ar  and 

1/2 

Kr)  and  found  it  to  vary  as  m  as  predicted  theoretically.  In  addition, 

the  flash  time  T  was  found  to  be  weakly  dependent  on  incident  power  once 

—0  2 

the  threshold  field  strength  “  0.052  was  exceeded  (t  *  P  ). 

In  Fig.  2  are  shown  the  temporal  evolution  of  the  axial  distribution 
of  the  electric  field  intensity  and  the  density  cavity.  The  position  of 
the  resonance  layer  was  Identified  both  by  a  determination  of  the  source 
region  for  the  density  streamers  observed  to  propagate  up  and  down  the 
density  gradient  and  also  by  a  measurement  of  the*  axial  electric  field 


profile  at  low  power  which  clearly  showed  the  cutoff  and  resonant  layers. 


As  can  be  seen  from  Pig.  2(a),  the  electric  field  initially  both  narrows 


spatially  and  grows  in  amplitude.  After  the  flash,  the  high  frequency 


field  energy  abruptly  decreases  even  if  the  microwave  pump  field  is  main¬ 


tained  at  constant  amplitude,  as  is  predicted  by  theory.  In  Fig.  2(b) 


is  shown  the  evolution  of  the  density  cavity.  At  the  sollton  flash,  the 


development  of  a  large  density  cavity  occurs  in  the  same  region  where  the 


field  intensity  maximlxes.  Using  our  measured  values  of  the  streamer  ex¬ 


trema  and  the  temporal  width  of  the  field  collapse,  we  find  the  observed 


half  width  of  the  sollton  (Ax  ^  2  cm)  to  be  in  good  agreement  with  the 


predictions  of  Elsasser  and  Schamel. 
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Coincident  with  the  Sollton  Flash,  a  large  burst  of  hot  electrons 

(e  >  lOe^)  Is  observed  with  both  a  retarding  grid  energy  analyzer  (see 

) 

Fig.  3)  and  a  langmulr  probe  where  Is  the  electron  thermal  energy. 

After  the  collapse,  the  hot  electron  current  decreases  to  approximately 
15X  of  Its  peak  value.  This  Is  to  be  expected  from  the  numerical  solu¬ 
tions^*^  where  r)  exceeds  unity  at  the  time  of  collapse  even  for  an 

-2  9  10 

Initial  ^  10  .  Therefore,  the  wave-breaking  amplitude  *  Is 

reached  for  the  resonantly  driven  electron  waves  and  strong  hot  electron 

f 

production  Is  observed. 

The  electric  field  strength  may  be  estimated  by  several  methods. 

First,  from  the  measured  hot  electron  energy,  the  wave  breaking  velocity 
Vbr  Is  obtained  yielding  ■  ^br^’^o^^  ~  2.8kV/cm.  Second,  from  Ref.  10 

’bt  ■  (i) 

where  v^  ■  eE^/mu^,  v^  Is  the  electron  thermal  velocity  and  L  Is  the 

*  Q 

density  scale  length.  Using  our  parameters  Eq.  (1)  yields  v^^  s:  3  x  10  cm/sec 
or  E|^^  -  2.4kV/cm.  The  high  frequency  electric  field  may  also  be  estimated 
from  the  maximum  amplitude  of  the  Ion  wave  streamer,  6n^^^/n,  using  the 
relation^ 

|E 

4“^  K,T  0.76  n  B 
o  e 

where  B  ■  Z  /c  T  with  Z  the  width  of  the  sollton  and  T  the  temporal 
o  s  o  o  o 

width  of  the  collapse.  Using  our  measured  values  of  Z^,  and  6n^,^/n, 

•  2.2  (l.e.  m  l.lkV/cm)  is  obtained  which  Is  In  reasonable  agreanent 

* 

with  the  above  mentioned  hot  electron  measurements. 


i 
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The  epatlel  and  tcaporal  dependence  of  the  quasi-static  magnetic 

field  produced  by  re  mance  abaorption^^'^^  was  investigate!  and  found 

•  a 

to  be  closely  relatad  to  the  soliton  flash.  As  shown  in  Fig.  3,  the 
maximum  growth  rate  of  the  magnetic  field  for  ^  found  to  co¬ 

incide  with  the  aoliton  flash  time  regardless  of  spatial  position.  This 
coincidence  seems  consistent  since  as  discussed  earlier,  the  soliton 
flash  induces  hot  electron  emission  due  to  wave  breaking,  and  the  asso¬ 
ciated  currents  can  produce  the  observed  magnetic  fields. 

The  electron  distribution  function  was  investigated  in  considerable 
detail.  It  was  found  that  the  hot  electron  region  has  an  abrupt  cutoff 
and  that  the  high  energy  tail  has  two  temperatures,  with  the  lower  energy 
portion  comprising  approximately  2.SZ  of  the  total  electron  population 
while  the  higher  energy  region  contains  IZ  of  the  electrons.  These  hot 
electrons  are  mainly  emitted  toward  the  underdense  plasma.  The  break 
point  between  the  two  regions  AE  is  found  to  scale  with  incident  rf  power 
as  for  P  <  500W  (n  <  2x10“^)  and  to  be  relatively  independent  of 

power  for  P  >  500W  [see  Fig.  4(a)l.  The  temperature  of  the  lower  energy 

region  Increases  as  as  also  shown  in  Fig.  4(a), while  that  of  the 

0  32 

higher  energy  region  increases  as  P  *  .  It  is  instructive  to  compare 

13  14 

these  results  with  the  models  of  Forslund  et  al.  and  Albritton  et  al. 
They  appear  to  predict  only  a  aingle  hot  electron  temperature  which  for 
lower  intensities  scales  as  T^  a  p®*®^  while  for  higher  intensities 

A  9E 

a  P  .  Therefore,  the  two  taperature  hot  electron  distribution 
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appear*  to  recjulre  further  theoretical  explaxiation.  The  calculated  hot 
electron  density  is  »  4X,  using  Eq.  (6)  from  Ref.  14,  whicl^  is  in  reason¬ 
able  agreement  with  the  experimental  results.  It  should  btf  noted  that 
similar  hot  electron  distributions  have  been  observed  in  other  microwave 
simulation  experiments.^^ 

The  ion  wave  energy  was  investigated  as  a  function  of  time.  This 
was  done  by  varying  the  width  of  the  incident  microwave  pulse  and  monitor¬ 
ing  the  peak  to  peak  amplitude  of  the  ion  wave  streamers  at  a  fixed  spa¬ 
tial  position  and  time  after  rf  turn-off  (®  20iisec).  The  choice  of  meas¬ 
urement  time  is  not  critical  due  to  the  weak  wave  damping.  An  example  of 
the  data  is  shown  In  Fig.  4(b).  As  can  be  seen  in  Fig.  4(b),  the  ion  wave 
energy  increases  exponentially  until  the  Soliton  Flash  occurs  and  then 
becomes  relatively  constant  for  further  increase  in  pulse  duration.  The 
initial  growth  time  is  about  40nsec  (^  ^)  in  this  ctxample.  These  re¬ 

sults  are  in  agreement  with  the  numerical  calculations  of  Ref.  6.  The 
streamer  amplitude  6n/n  is  found  to  scale  with  rf  power  as  P®’®  for 

<  2  z  10  ®  while  the  flash  peak  electric  field  intensity  scales 
••  P  .  Referring  to  Eq.  (2)  we  see  that  the  above  implies  that  P  “ 
since  $  »  20  for  our  parameters.  For  2  x  lO”^  <  <  10”^,  the  streamer 

^piitude  is  essentially  constant  and  strong  high  frequency  turbulence 
(f  ~  f„)  is  observed,  with  E^  now  scaling  as  P^*®. 

In  addition  to  the  above  mentioned  low  frequency  ion  wave  streamers, 
we  observe  high  frequency  “  0.14)  relatively  coherent  Ion  waves 

possibly  due  to  cold  electron  return  current  driven  instabilities.  These 
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exist  both  in  the  region  ^^72  below  the  critical  layer  (eaaentlally, 

between  the  resonance  and  cutoff  layers)  and  the  region  sllgjhtly  above 

critical  («  0.1  ~  0.2X^).  For  $  3  x  10~^,  6n/n  “  P^*®*f&  these 

-A 

waves.  For  >  3  x  10  (In  the  region  where  the  sol it Ion  flash  sets 
In)  £n/n  Is  relatively  Independent  of  the  power  and  higher  frequency 
nodes  start. 

That  the  sollton  flash  occurs  at  the  cutoff,  not  the  resonance 
layer,  was  Investigated  In  detail.  The  high  frequency  electric  field 
energy  is  found  to  propagate  both  up  and  down  the  density  gradient  after 
the  Sollton  Flash.  The  upstream  energy,  or  wave  packet,  with  a  velocity 
of  -  O.OS  *>  O.IV^,  reaches  the  resonance  layer  where  It  disappears  and 
simultaneously  ion  wave  streamers  are  observed  to  be  emitted  from  the 
resonance  layer.  The  down  streaming  packet  has  a  velocity  of  V^/3,  and 
disappears  within  a  few  centimeters. 

In  conclusion,  we  have  observed  behavior  in  agreement  with  the 
Sollton  Flash  theory^’ It  should  be  noted  that  some  of  the  features 
described  here,  such  as  the  Initial  rapid  growth  and  subsequent  decay  of 
the  high  frequency  field,  have  been  observed  previously  In  a  simple  ca¬ 
pacitor  plate  geometry^^*  However,  since  the  source  and  detector  respon- 
sivity  were  limited  to  »  4^^  the  authors  were  unable  to  make  the  de¬ 

tailed  comparison  with  theory  described  herein.  Furthermore,  herein  the 
Sollton  Flash  was  found  to  be  correlated  with  such  phenomena  as  spontan- 
sous  magnetic  field  generation  and  hot  electron  production.  ‘The  channel¬ 
ing  of  rf  energy  Into  ion  waves  observed  In  the  present  experiment  appears 
to  be  of  particular  relevance  to  the  process  of  energy  absorption  in 
laser  pellet  fusion. 
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Fig.  1(a)  Electric  field  Intensity,  E  ,  as  a  function  of  time.  Upper 
trace  shows  the  microwave  pulse  shape  (pulse  width  Is  Sys). 

(b)  Numerical  result  after  Ref.  6. 

Fig.  2  The  evolution  of  the  axial  distribution  of  (a)  the  electric 
field,  and  (b)  the  density  cavity.  The  resonance  layer  Is 
at  30  cm. 

Fig.  3  Time  dependence  of  the  hot  electron  current  (e  >  10  e  ), 

high  frequency  electric  field  Intensity  |Ep,  largest^om- 
ponent  of  the  spontaneous  magnetic  field  and  Its  derivative 
together  with  rf  Input  pulse. 

Fig.  4(a)  Hot  electron  temperature,  in  the  lower  energy  region 

and  energy  of  the  break-point,  AE,  as  a  function  of  Incident 
power.  Solid  lines  are  least  square  fits  to  the  data  using 
the  points  below  500W. 

Fig.  4(b)  Ion  wave  streamer  amplitude  vs.  rf  pulse  duration.  The  Inset 
is  a  typical  example  of  the  Ion  wave  streamer  observed  In  the 
overdense  region. 
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